Polycomb repressive complex 2 (PRC2) catalyzes methylation on lysine 27 of histone H3 (H3K27) and is required for maintaining transcriptional patterns and cellular identity, but the specification and maintenance of genomic PRC2 binding and H3K27 methylation patterns remain incompletely understood. Epigenetic mechanisms have been proposed, wherein pre-existing H3K27 methylation directs recruitment and regulates the catalytic activity of PRC2 to support its own maintenance. Here we investigate whether such mechanisms are required for specifying H3K27 methylation patterns in mouse embryonic stem cells (mESCs). Through re-expression of PRC2 subunits in PRC2-knockout cells that have lost all H3K27 methylation, we demonstrate that methylation patterns can be accurately established de novo. We find that regional methylation kinetics correlate with original methylation patterns even in their absence, and specification of the genomic PRC2 binding pattern is retained and specifically dependent on the PRC2 core subunit SUZ12. Thus, the H3K27 methylation patterns in mESCs are not dependent on self-autonomous epigenetic inheritance. NATURe STRUCTURAL & MOLeCULAR BiOLOgy | VOL 25 | MARCH 2018 | 225-232 | www.nature.com/nsmb Methods Cell lines. Ezh2 f/f mice were obtained from the Tarakhovsky lab (Rockefeller University, New York, NY, USA) 35 , bred in-house to Rosa26 CreERT2 mice (B6 strain) and used for the derivation of OHT-inducible Ezh2-KO mESCs. Additional knockout mESCs were generated by CRISPR-Cas9n targeting of Eed or Suz12 in WT mESCs (B6 and 129B6F1 backgrounds) or Ezh1 in Ezh2 f/f ;Rosa26 CreERT2 mESCs. Resulting clones were tested for expression, and genomic DNA was PCRamplified and sequenced to verify out-of-frame deletions or insertions. Ezh1/Ezh2 dKO was achieved by OHT treatment of Ezh1 −/− ;Ezh2 f/f ;Rosa26 CreERT2 followed by single-cell cloning. EZH2 inhibitor washout experiments were carried out using the mESC line E14. Cell lines were regularly tested for mycoplasma. Details are in Supplementary Tables 1 and 2. 
P RC2 methylates H3K27 to produce cell-type-specific H3K27 mono-(H3K27me1), di-(H3K27me2), and trimethylation (H3K27me3) patterns 1, 2 . The three core PRC2 subunits, paralogs EZH1 or EZH2, SUZ12, and EED, copurify from cells in stoichiometric amounts together with several substoichiometric partners [3] [4] [5] [6] and are all essential for the methyltransferase activity of the complex and for proper organismal development [7] [8] [9] [10] [11] [12] [13] [14] . Several cancers have driver mutations in PRC2 or its H3K27 substrate, with a resulting perturbed H3K27 methylation pattern 15 .
H3K27me2 is the most abundant methylation state, present on 50% of histone H3 and widely distributed across the genome in mESCs 2, 16, 17 . H3K27me1 and H3K27me3 each account for 10-15% of histone H3 methylation in mESCs, but, unlike H3K27me2, they associate with distinct genomic features. H3K27me1 is predominant within gene bodies of active genes 2, 18 , whereas H3K27me3 is strongly enriched in regions centered on CpG islands (CGIs) at silent genes 15 . Regions with less distinct methylation patterns may also have functional importance. For example, H3K27M mutant pediatric brain cancers are characterized by a loss of H3K27me3 from non-CGI regions that have intermediate levels of H3K27me3, with unchanged levels of H3K27me3 at CGIs 19 .
During cell divisions, H3K27 methylation is halved as the genome is copied, and newly synthesized histones are added to the replicated DNA 20 . It has been proposed that the recycling of parental histones carrying H3K27 methylation at the original genomic location [20] [21] [22] [23] may help copy the mark from the modified nucleosomes to the nascent, unmodified neighboring nucleosomes 24, 25 . This notion is supported by observations that the core PRC2 subunit EED can bind H3K27me3 (refs 25, 26 ) and that this binding allosterically stimulates the methyltransferase activity of the complex 26 .
It is of great interest whether this combination of locally inherited H3K27-methylated histones and their feedback to PRC2 is sufficient to give rise to self-maintenance, such that specification for H3K27 methylation in a subset of genomic regions may be dependent on its own pre-existence 27, 28 . A few studies have directly probed for self-maintenance capacity of H3K27me3 using reportergene systems in which removal of a PRC2-recruiting element can be induced 22, 23, 25 . These studies have shown that H3K27me3 alone is insufficient to ensure long-term self-maintenance; however, this may be due to simultaneous transcriptional activation of the reporter gene. Detailed analysis has shown that the disappearance of H3K27me3 occurs more slowly than what would be expected by replication-associated dilution 23 , thus providing some evidence of self-maintenance activity, even in this system. Because different genomic contexts can be permissive or restrictive of potential self-maintenance activities, genome-wide approaches are required to assert whether self-maintenance specifies any part of the H3K27 methylation patterns. Therefore, we investigated the dependence on pre-existing methylation of all H3K27 methylation patterns in mammalian cells, including H3K27me3 at regions with abundant PRC2 occupancy as well as remaining genome-wide patterns of H3K27me1, H3K27me2 and H3K27me3. We found that specification of methylation patterns was retained by cells independently of pre-existing H3K27 methylation.
Results
PRC2 is responsible for all H3K27 methylation states. Studies of PRC2 core subunit-knockout cells have shown that PRC2 is responsible for H3K27me2 and H3K27me3 but have differed in their conclusions regarding the role of PRC2 in generating H3K27me1 (refs 2,8-10,29-32 ). To resolve this, we generated new knockout mESCs using CRISPR-Cas9 and found that the knockout of Suz12 or Eed or the combined knockout of the catalytic subunits Ezh1 and Ezh2 (Ezh1/Ezh2 dKO) led to abolishment of all degrees of H3K27 methylation ( Supplementary Fig. 1a ). Thus, these PRC2-knockout (KO) mESCs provide a suitable model system for studying de novo establishment of all H3K27 methylation states.
PRC2 can accurately establish all H3K27 methylation de novo.
If self-propagating mechanisms are involved in the maintenance of H3K27 methylation, parts of the methylation patterns in mESCs may be dependent on these mechanisms and would not get reestablished following their erasure. Alternatively, if PRC2 activity is specified in all regions independently of pre-existing methylation, correct methylation patterns should be established de novo following erasure (Fig. 1a ). In order to determine whether methylation can be established de novo in mESCs, we expressed Flag-tagged EZH2 in Ezh1/Ezh2-dKO mESCs and observed restoration of global methylation levels (Figs. 1b and 2a). As expected, the methylation patterns of parental wild-type (WT) mESCs were characterized by enrichment of H3K27me3 at promoters and in gene bodies of silent genes, broad distribution of H3K27me2 (but depletion in H3K27me3-and H3K27me1-dominant regions), and enrichment of H3K27me1 in gene bodies of active genes (Fig. 2b,c) . These patterns were erased in Ezh1/Ezh2-dKO cells, in which only background-level chromatin immunoprecipitation sequencing (ChIP-seq) signals were detected, with no trace of the original patterns (Fig. 2b,c and Supplementary  Fig. 1b-d ). In cells in which EZH2 was re-expressed, we found accurately restored methylation patterns across genes ( Fig. 2b,c) , as well as across the entire genome, where quantification of H3K27 methylation within all regions showed strong correlation between parental WT mESCs and EZH2-rescued cells ( Supplementary  Fig. 1d ). Thus, the H3K27 methylation patterns are not dependent on self-propagation, but can be established de novo.
PRC2-KO mESCs can be derived and maintained stably in mESC culture conditions. Gene deregulation has been reported for cells with complete PRC2 loss (Eed KO or Ezh2 KO combined with knockdown of Ezh1) 10 , but not for mESCs containing a slightly leaky Suz12 gene trap or Ezh2-KO cells 33 . Consistent with this finding, the Ezh1/Ezh2-dKO cells showed deregulation of gene expression, which was reverted in the EZH2-rescued cells ( Supplementary  Fig. 2a,b ). Thus, the genome-wide erasure of H3K27 methylation in mESCs is reversible, despite a challenged gene expression pattern in the intermittent-knockout cells.
De novo methylation is immediately correctly specified. To determine whether the erased methylation patterns are restored with immediate accuracy, or perhaps through selection of cells with suitable methylation, we studied the kinetics of remethylation in cells severely depleted of H3K27 methylation, using a high concentration of an EZH2 inhibitor 34 . We treated mESC line E14 cells with 10 µ M inhibitor for 7 d, during which time the cells underwent more than ten cell divisions, and the pool of parental histones was thus diluted more than 1,000-fold. The inhibitor treatment, which does not affect differentiation capacity, proliferation, or expression of pluripotency markers ( Supplementary Fig. 3a -g), was followed by inhibitor washout and observation of remethylation over 4 d. Both global methylation levels ( Fig. 3a ) and patterns (Fig. 3b ,c and Supplementary Fig. 4a ,b) were restored within 4 d. Importantly, H3K27me3 did not appear temporarily in regions where it was not found in the parental cells, and H3K27me1 and H3K27me2 did appear only as intermediate stages before conversion to a higher methylation state that matched the original pattern (Fig. 3b ,c and Supplementary Fig. 4a,b ). These results show that the specification of correct methylation patterns is independent of pre-existing H3K27 methylation.
Regional kinetics correspond to original methylation state.
The inhibitor-washout experiment also provides new insight into regional PRC2 methylation activity. We found that the global level of H3K27me1 reached its original level sooner than those of H3K27me2 and H3K27me3 did ( Fig. 3a ). This observation is in agreement with recent studies on histone methylation maintenance after DNA replication 20 , but our ChIP analysis showed that this finding does not reflect that the H3K27me1 pattern is finalized before those of the higher methylation states. Rather, the majority of the early-deposited H3K27me1 was found in regions that would become sites of H3K27me2 and H3K27me3, whereas the regions that normally predominantly carry H3K27me1 were restored to their original level much later (Fig. 3b ,c and Supplementary Fig.  4a ,b). In fact, the methylation rates in different genomic regions directly correlated with the steady-state methylation level of the region, such that H3K27me3-positive regions had faster rates of methylation than H3K27me2 regions, and H3K27me1-dominant regions displayed the slowest methylation rate (Fig. 3b,c and Supplementary Fig. 4a,b ).
Despite the use of high concentrations of the EZH2 inhibitor, all methylation was not removed. Residual H3K27me1 and H3K27me2 was detected by ChIP analysis, but found at regions bound by PRC2 and normally associated with H3K27me3 ( Supplementary Fig. 4a ,c), further demonstrating the higher methylation activities in these regions. The inhibitor has been reported to be selective for Ezh2 over Ezh1 (ref. 34 ), but at these high concentrations of inhibitor, this selectivity was not the cause of residual methylation, as we detected similar residual H3K27me1 at high-PRC2-occupancy regions in Ezh1-KO cells treated with the inhibitor (data not shown).
Suz12 binds CGIs independently of H3K27 methylation.
In the E14 mESCs treated with EZH2 inhibitor, in which H3K27 methylation was severely depleted (Fig. 3a) , the Suz12-binding pattern was largely unaffected ( Supplementary Fig. 4a ,c), indicating that it is not dependent on H3K27 methylation. Likewise, we found that Suz12 3.
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Fig. 1 | Models of histone-methylation maintenance. a, Histone modifications (red) are retained locally during replication but diluted by nascent histones (pale yellow). Maintenance can occur via self-propagation or via a de novo modification mechanism. When modifications are erased through the genetic knockout of modifiers followed by re-expression, only de novo methylation can occur. b, Knockout and rescue strategy to probe de novo methylation capacity.
bound to its normal target regions in Ezh1/Ezh2-dKO and Eed-KO cells (Fig. 4a ). Thus, the preferential binding to CGIs at silent genes by PRC2 was observed for Suz12 independently of H3K27 methylation and independently of Eed. The Ezh2-KO model used is a functional knockout with only the methyltransferase domain (SET) genetically removed 35 , resulting in a truncated Ezh2∆ SET protein.
However, Ezh2∆ SET was unstable and present at low levels in the cells. In Eed-KO cells, full-length Ezh2 was likewise unstable and low in abundance ( Supplementary Fig. 1a ). Thus, Suz12 can bind DNA in the absence of the other core PRC2 proteins.
De novo PRC2 binding restores methylation and pluripotency.
In order to address whether prebound Suz12 is required for de novo re-establishment of H3K27 methylation patterns, we expressed SUZ12 in Suz12-KO cells in which H3K27 methylation was erased and neither Suz12 binding nor Ezh2 binding was detected at regions normally bound by PRC2 ( Fig. 4b ). Re-expression of SUZ12 in these cells resulted in the stabilization of Ezh2 and Eed ( Fig. 5a ) and
accurate restoration of H3K27 methylation and PRC2 binding patterns ( Fig. 5a,b and Supplementary Fig. 5a ).
It remains a possibility that we have not uncovered rare regions in mESCs that are dependent on the self-propagation of methylation or PRC2 binding. Although we have not identified such regions, we decided to test whether re-expression of SUZ12 in Suz12-KO mESCs restored pluripotency. To do this, we performed morula injection experiments with Suz12-KO and SUZ12-rescued cells. Knockout of PRC2 core subunits in mice leads to embryonic lethality around gastrulation (embryonic day (E) 6.5) 8, 12, 13 . Accordingly, we observed no chimeric contribution of Suz12-KO cells in E13.5 embryos ( Fig. 5c and Supplementary Fig. 5b-d) . The SUZ12-rescued cells, in contrast, gave high chimeric contribution in tissues throughout the embryos ( Fig. 5c and Supplementary Fig. 5b-d which has been shown to be capable of forming a truncated PRC2 complex together with Eed and Ezh2 that is catalytically active and has demonstrated rigidity to facilitate the first crystal structures of a partial PRC2 complex with full-length Eed and Ezh2 (refs [36] [37] [38] [39] ).
To determine whether a PRC2 complex with just the Suz12 VEFS domain can localize to CGIs or whether the binding is mediated by a separate region of Suz12, we expressed a SUZ12 fragment containing the VEFS domain (VEFS) or a Suz12 fragment lacking the VEFS domain (SUZ12∆ VEFS) in Suz12-KO cells (Fig. 6a,b) .
Expression of the SUZ12 VEFS domain stabilized Ezh2 and Eed through complex formation ( Fig. 6b) and was sufficient to restore global levels of all three H3K27 methylation states, whereas no such stabilization or detectable methylation was observed with SUZ12∆ VEFS (Fig. 6b ). However, the VEFS-domain-stabilized PRC2 was unable to localize to Suz12 peak regions (Fig. 6c,d) , and, despite establishing normal global H3K27 methylation levels, the VEFS-expressing cells showed an aberrant methylation pattern ( Fig. 6c and Supplementary  Fig. 6a,b ). Most notably, in VEFS-expressing cells, H3K27me3 was not enriched in the same areas found in WT mESCs ( Fig. 6c-e ), but was found diffusely in all regions except the H3K27me1 regions and was most abundant in a large cluster (cluster 7) of normally H3K27me2-positive regions ( Supplementary Fig. 6b ), suggesting that this region may be the most accessible to PRC2 activity in the absence of specific recruitment to CGIs. Some H3K27me1 regions had the same pattern in VEFS-expressing cells ( Fig. 6e and Supplementary Fig. 6b,c) , but the characteristic H3K27me1 Supplementary Fig. 4c , and the experiment was also performed once in Ezh2 f/f and Ezh1-KO mESC lines with comparable results. Source data for c are available online. Inhib., inhibition.
pattern in gene bodies of active genes was weak ( Supplementary  Fig. 6a ). Thus, part of the H3K27me1 pattern is also dependent on the N-terminal portion of Suz12.
In contrast to the VEFS domain, the SUZ12∆ VEFS fragment localized to the normal Suz12-binding regions, but with no detectable H3K27 methylation globally or in the bound regions ( Fig. 6b-e ). Thus, this N-terminal portion of Suz12 binds PRC2 target regions independently of the other core subunits and is essential for guiding PRC2 to its correct genomic loci, thereby directing the deposition of H3K27 methylation.
Discussion
There has been much speculation on whether histone modifications and histone-modifying enzymes confer epigenetic inheritance. Direct evidence for epigenetic memory through self-maintenance of H3K27 methylation has not been convincingly demonstrated, but molecular mechanisms that can enable such activity have been identified; the local inheritance of parental histones during DNA replication provides a template for copying modifications to neighboring nascent histones [20] [21] [22] [23] , and the ability of H3K27me3 to bind and stimulate PRC2 may promote methylation of regions with pre-existing H3K27me3 (refs 25, 26 ). In Drosophila, it was recently shown that H3K27me3 is lost when PRC2-recruiting cis-regulatory elements (Polycomb response elements (PREs)) are removed 22, 23 , suggesting that H3K27me3 alone is not sufficient for long-term self-maintenance, although evidence of maintenance activity was also observed 23 . However, the simultaneous transcriptional activation of these reporter genes may have prevented self-maintenance, and such challenge from transcriptional activators varies in both strength and type across genomes. PRC2-recruitment mechanisms are fundamentally different in mammalian cells as compared to those in Drosophila and could have a different involvement of its H3K27 methylation products in orchestrating its maintenance. Furthermore, regions other than those with high PRC2 occupancy (PREs in Drosophila and CGIs in mammalian cells) show H3K27 methylation and may depend on self-maintenance. In this study, we investigated all regions, levels and states of H3K27 methylation in mammalian cells to address whether they rely on an autonomous self-propagative mechanism in any part. One of the main conclusions of our work is that PRC2 binding and all H3K27 methylation patterns can be established independently of pre-existing H3K27-methylated nucleosomes, demonstrating that cells contain the instructive information for directing PRC2 activities to the correct genomic regions. By using a high concentration of an EZH2 inhibitor to deplete H3K27 methylation and following short-term recovery, we show that correct de novo methylation occurs rapidly, rather than through selective pressure. Analysis of the early methylation activities demonstrates that regional methylation rates correlate with the original H3K27 methylation state. It remains possible that when the first H3K27me3 is generated, it may act to finalize and maintain the steady-state patterns in that region, for example, through increased methylation activity or facilitation of broad spreading. Because the regions that are enriched for H3K27me3 in parental cells display immediate, fast methylation at a time when this modification is depleted, this high activity is not dependent on allosteric 6 | An N-terminal Suz12 fragment is essential for Cgi binding and correct H3K27 methylation patterns. a, Domain architecture of SUZ12 and design of studied SUZ12 fragments. b, Western blot probing levels of core PRC2 subunits and global H3K27 methylation levels in extracts from Flag-VEFSexpressing cells or Flag-∆ VEFS-expressing cells. The ∆ VEFS fragment contains the epitope for the SUZ12 antibody. The experiment was repeated at least three times, with same result. Uncropped western blot images are shown in Supplementary Dataset 1. c, ChIP-seq signals, within a representative region that includes two Suz12 peaks (in WT mESCs), probing binding of Flag-VEFS (Flag ChIP) or Flag-∆ VEFS (Flag and Suz12 ChIP) and H3K27me3. ChIP-seq signal is sequence-depth normalized (reads per million mapped reads). d, Mean ChIP-seq signal generated with antibodies (indicated top left in graphs) for cell lines (indicated top right in graphs) in 7,480 Suz12 peak regions identified in WT mESCs (B6). e, Mean ChIP-seq signal generated with antibodies (indicated top left in graphs) for cell lines (indicated top right in graphs) in regions identified by cluster analysis ( Supplementary Fig. 4b ) as enriched for H3K27me3 (left), H3K27me2 (middle) or H3K27me1 (right). stimulation of PRC2 by local pre-existing H3K27me3. Thus, our studies do not confirm a crucial role of this compelling model, and other strategies are needed to demonstrate a potential role of H3K27me3 in propagation.
Another main conclusion from our studies is that the core subunit SUZ12 binds to CGIs through its N-terminal (∆ VEFS) region, independently of the other core subunits EZH2 and EED and of H3K27 methylation, and that this stable recruitment to genomic loci is essential for correct H3K27 methylation patterns. We find that this important function of SUZ12 can be uncoupled from the function of its C-terminal VEFS domain, which, in agreement with previous studies, is critical for interacting with EZH2 (and, indirectly, EED) and for supporting a catalytically competent complex. Despite the loss of proper localization, the catalytically competent VEFS-PRC2 complex produces normal global levels of all three H3K27 methylation states, but lacks both H3K27me3 enrichment at normal PRC2 target regions and H3K27me1 at active gene bodies. Other parts of the H3K27 methylation patterns are, however, not dependent on the N-terminal SUZ12 function, because much of the H3K27me2 remains low in regions that are normally enriched for H3K27me1 and is similarly abundant in regions where it is enriched in WT cells. Likewise, a subset of H3K27me1 regions that overlap H3K9me3 is also retained in VEFS-PRC2 cells. Thus, specification of H3K27 methylation patterns occurs both through SUZ12-mediated recruitment and through mechanisms that directly affect the activity of a minimal catalytic complex.
Our data suggest that the PRC2 recruitment to CGIs occurs through SUZ12∆ VEFS and may be direct or mediated by other proteins that have been proposed to orchestrate CGI localization of PRC2. Polycomb repressive complex 1 (PRC1) was initially proposed as a downstream factor recruited to CGIs via PRC2-deposited H3K27me3. Recently, it has been demonstrated that a variant PCGF1-PRC1 complex targeted to CGIs by the protein KDM2B could play the opposite role and initiate recruitment of PRC2 (ref. 40 ), and the PRC2 substoichiometric subunit JARID2 was identified as a candidate to mediate such PRC1-PRC2 crosstalk 41 . However, the overlap between PRC1 and PRC2 is only partial 42, 43 , and a strong depletion of PRC1 does not entirely disrupt PRC2 binding 40 . Alternatively, Polycomb-like (PCL) proteins, which are also substoichiometric subunits of PRC2, were recently shown to bind CpG DNA preferentially and are thus also candidates for mediators of PRC2 recruitment to CGIs 44 . Interestingly, there is some evidence that PCL proteins may interact with the SUZ12∆ VEFS region 45 . In mESCs, knockout of the predominant PCL homolog Mtf2 only partially affects PRC2 binding and H3K27 trimethylation deposition 44 . The incomplete dependence of PRC2 CGI localization on PRC1, JARID2, or PCL2 is in contrast to the absolute requirement for SUZ12∆ VEFS. Taken together, these findings indicate that while these proteins may not be the sole recruiters of PRC2, they may well contribute to PRC2 recruitment by acting in concert with each other, with additional unidentified factors, or in regionspecific contexts. It will be critical to determine which potential recruiters can interact with SUZ12∆ VEFS or whether this domain can bind CpG DNA directly.
Despite the prior suggestion of various mechanisms that could facilitate self-maintenance of H3K27 methylation, we find no part of the methylation pattern that is dependent on inheriting the methylation. While we cannot exclude such inheritance through self-maintenance in some cell types, we find that genome-wide recruitment of PRC2 occurs independently of H3K27-methylated nucleosomes, and high methylation rates are measured in these regions in situations in which allosteric stimulation of PRC2 by H3K27me3 is not possible, arguing against a critical involvement of these proposed mechanisms in specification of H3K27 methylation patterns.
Methods
Methods, including statements of data availability and any associated accession codes and references, are available at https://doi. org/10.1038/s41594-018-0036-6. Corresponding author(s): Kristian Helin
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